ABSTRACT
geoinclusions are more likely to be subjected to the three-dimensional stresses in actual 
INTRODUCTION

38
The lateral spreading of unbound granular materials (UGM) under train-induced loading poses 39 a severe challenge to the stability of the ballasted railway tracks (Selig and Waters 1994) . This 40 lateral movement is often associated with insufficient confinement of UGM layers overlying 41 stiff subgrade soils (Sun et al. 2018; Nimbalkar et al. 2019) . Fig. 1(a) shows the loss in track 42 geometry due to the lateral spreading of UGM under the train traffic-induced loads. The three-43 dimensional (3D) cellular geoinclusions such as geocells, scrap rubber tires, etc. can be 44 employed in the ballasted railway tracks to provide additional confinement and consequently, 45 improve the track stability. As shown in Fig. 1 (b), these cellular geoinclusions surround the 46 UGM and create a stiff structure which resists the lateral spreading of UGM (Koerner 2012) . 47 Consequently, the loss in track geometry can be minimized. 48 The 3D cellular geoinclusions are increasingly being used to improve the mechanical 49 properties of granular infill materials. These geoinclusions provide all-around confinement to 50 the infill soil and consequently, prevent its lateral spreading under loads (Zhou and Wen 2008, 51 Leshchinsky and Ling 2013a). The investigations in the past have demonstrated the beneficial 52 role of geocells (e.g., Raymond 2001; Satyal et al. 2018 ) and scrap tires (e.g. Forsyth and Egan 53 1976; Garga and O'shaughnessy 2000; Indraratna et al. 2017) in improving the stability of 54 railway tracks and embankments. However, the lack of a well-established method to evaluate 55 the magnitude of additional confinement provided by these geoinclusions has limited their 56 application in the railway tracks.
57
An insight into the load transfer mechanism, quantification of the benefits and the full-58 scale performance data is inevitable to develop the design methods for cellular geoinclusions 59 in railway applications. Although experimental and field studies are reliable techniques to gain 60 insight into the behavior of 3D cellular geoinclusions, these investigations require a 61 considerable amount of time and efforts. On the other hand, the analytical and numerical 62 simulations offer cost-effective alternatives to study and predict the response of the cellular 63 geoinclusion reinforced soil. Therefore, researchers have conducted two-dimensional (e.g. 64 Bathurst and Knight 1998) and three-dimensional numerical analysis (e.g. Han et al. 2008; 65 Ling 2013a, 2013b; Liu et al. 2018 ) on geoinclusion-reinforced soil and have 66 reported that the geoinclusions significantly improve the strength and stiffness of the infill soil. 67 However, the magnitude of improvement/ modification depends on the stress state, properties 68 of the infill and the geoinclusions (Nimbalkar et al. 2019 ).
69
Several researchers have attempted to evaluate the extra confinement offered by the 70 cellular geoinclusions under static (Bathurst and Rajagopal 1993; Rajagopal et al. 1999 ) and 71 cyclic/repeated loading conditions (Yang and Han 2013; Indraratna et al. 2015 The circumferential stress is determined using the Hooke's law (Timoshenko and 96 Goodier, 1970) 97 
where ε2 The recoverable strains for the static loading case can be determined as follows (Timoshenko 122 and Goodier, 1970):
where ε2 Poisson's ratio of the infill material; E is Young's modulus of the infill material.
126
Similarly, for the repeated loading condition:
where σcyc is the cyclic deviator stress; MR is the resilient modulus of the infill material. evaluated by using the 3D stress-dilatancy relationship (Schanz and Vermeer 1996) . This 131 relationship is given as: 
The additional confinement (Δσ'2 and Δσ'3) provided by the cellular geoinclusions for static 141 loading condition (loading in vertical direction) can be evaluated by combining Eqs. (3a), (3b),
142
(4a), (4b), (8a) and (8b).
143
(9a)
Thus, for static loading conditions, the additional confinement at a given value of major 144 principal strain (ε1) can be calculated by using Eqs. (9a) and (9b). However, under 145 repeated/cyclic vertical loading conditions, the strain in UGM also varies with the number of 146 load cycles (Dahlberg 2001 ). Several models have been developed to predict the behavior of 147 UGM under cyclic loading conditions (Lekarp et al. 2000) . In the present study, a power model 148 has been used which incorporates the influence of the stress state and loading conditions on the 149 irrecoverable deformation of UGM (e.g., Puppala et al. 2009 and (8b) gives:
Similarly, Eqs. (5a) and (5b) can be modified to incorporate the variation of MR with N:
Therefore, the additional confinement (Δσ'2 and Δσ'3) offered by the geoinclusions for repeated 161 loading condition can be evaluated by combining Eqs. (3a), (3b), (11a), (11b), (12a) and (12b).
162
(13a) The Δσ'3 for the plane-strain condition can thus be expressed as: 
IDENTIFICATION OF MODEL PARAMETERS
175
The present model comprises the following parameters: Mm, Dg, μg, b, MR, E, μs, k1, k2, k3, k4, 176 φ'f, and D. The first three parameters are the geoinclusion properties. The parameter b depends 177 on the external loading conditions. The parameters MR, E and μs for a particular cellular 178 geoinclusion reinforced UGM can be determined from conventional laboratory experiments.
179
The empirical parameters k1, k2, k3 and k4 can be determined by fitting the experimental curves 
RESULTS AND DISCUSSION
187
Using the present approach, the influence of infill properties, stress levels and geoinclusion 188 type on additional confinement are investigated. and 1 corresponding to the cases when Δσ'2 = 0 and Δσ'2 = Δσ'3, respectively.
195
Influence of infill properties and stress levels Nevertheless, the present model is validated against the results of the static triaxial tests on 273 geocell-reinforced soils conducted by Bathurst and Rajagopal (1993) and Rajagopal et al. 274 (1999) , and the repeated load triaxial tests conducted by Mengelt et al. (2006) . Table 2 lists the   275 input parameters used in the predictions. Fig. 5a compares the additional confinement 276 calculated using the present model with the experimental data. It is observed that the predicted 277 values vary by 1% to 20% from the experimental results.
278
The model is also used to predict the extra confinement offered by geocells for the plane-279 strain repeated load tests, conducted by Indraratna et al. (2015) . The values of the parameters 280 used in the prediction are listed in Table 2 . Fig. 5b Geocell modulus is the secant modulus corresponding to the magnitude of mobilized strain; SS = silica sand; PP-W = polypropylene woven geotextile; PP-NW = polypropylene nonwoven geotextile; HDPE = high-density polyethylene. 
